Nanoelectrodes have key advantages compared to electrodes of conventional size and are the tool of choice for numerous applications in both fundamental electrochemistry research and bioelectrochemical analysis. This Minireview summarizes recent advances in the development, characterization, and use of nanoelectrodes in nanoscale electroanalytical chemistry. Methods of nanoelectrode preparation include laser-pulled glass-sealed metal nanoelectrodes, mass-produced nanoelectrodes, carbon nanotube based and carbon-filled nanopipettes, and tunneling nanoelectrodes. Several new topics of their recent application are covered, which include the use of nanoelectrodes for electrochemical imaging at ultrahigh spatial resolution, imaging with nanoelectrodes and nanopipettes, electrochemical analysis of single cells, single enzymes, and single nanoparticles, and the use of nanoelectrodes to understand single nanobubbles. Fig. 7 Schematic illustration of the electrochemical detection of the alkaline phosphatase (ALP) activity of a cell in a single droplet using a carbon-Ag/AgCl probe. ALP catalyzed the hydrolysis of p-aminophenyl phosphate (PAPP) to p-aminophenol (PAP) that could be oxidized at the probe. Adapted with permission from Ino et al. 41 
Introduction
Nanoelectrodes, which are electrochemical probes with at least one dimension below 100 nm, 1 have received enormous attention in basic electrochemistry and electroanalytical research. This is largely due to several distinct advantages of nanoelectrodes compared to electrodes of conventional dimensions. The small size of a nanoelectrode enables one to probe faradaic reactions in extremely tight spaces, such as inside a single vesicle, a biological cell, or a single droplet, which are other-wise difficult or even impossible to measure with conventional electrodes. The miniaturized electrode size (and electrode area) also leads to insignificant electrical double layer capacitance and a small RC time constant. For example, a 10 nm electrode may have a double layer capacitance of ∼30 aF and an RC time constant of the order of 30 fs in a normal electrolyte solution, e.g., 0.1 M KCl. With such a small electrode, one can expect to run ultrafast voltammetric measurements using scan rates in the megavolt per second range and probe electrochemical processes in the nanosecond time scale. Another attractive feature of a nanoelectrode is the minimized iR drop due to the small faradaic current, often of the order of picoamperes (pA). This allows one to perform electrochemistry in a solution with very high electrical resistance containing little or
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In this review, we wish to summarize recent advances in the area of development, characterization, and use of nanoelectrodes in fundamental electrochemistry and electroanalytical chemistry. Although several excellent reviews are available on similar topics, [1] [2] [3] [4] [5] we focus our attention on the new advances that have not yet been greatly covered in the recent literature.
Here, we will start with a discussion of some of the most exciting new methods in the preparation and characterization of nanoelectrodes. These include the use of a laser puller to prepare glass-sealed metal nanoelectrodes, mass-fabricated metal pyramid nanoelectrodes, nanoelectrodes based on the use of carbon nanotubes, carbon-filled nanopipettes, and tunneling nanoelectrodes based on the immobilization of a single nanoparticle (NP) on an insulated ultramicroelectrode (UME). In the second part of this review, since the application of nanoelectrodes is rather broad, we chose to focus on several new topics of the recent application of nanoelectrodes in fundamental electrochemistry and electroanalysis. Selected topics include the use of nanoelectrodes to achieve ultrahigh spatial resolutions in scanning electrochemical microscopy (SECM) and new ideas on the combined use of SECM and atomic force microscopy (AFM) or scanning ion-conductance microscopy (SICM), studies of single cells, single-enzyme electrochemistry, single-NP electrochemistry, and the use of nanoelectrodes to form and better understand individual nanobubbles.
New fabrication methods

Glass-sealed metal nanoelectrodes
Laser pulling continues to be one of the most popular methods for the quick preparation of metal disk nanoelectrodes. This method uses a laser puller to heat up, stretch, and break a piece of metal wire, usually Pt or Au, pre-sealed inside a glass or quartz capillary, to produce a pair of ultrasharp metal tips. These tips are pre-sealed in glass or quartz and can be subsequently etched or mechanically polished to expose the metal disk surface. This method allows one to make nanoelectrodes of Pt, Ag, and Au [6] [7] [8] [9] [10] [11] and the electrode size can be varied by adjusting the parameters in the pulling and polishing. Nanoelectrodes of other metals, such as Hg, can also be made through metal deposition on a laser-pulled Pt electrode. 12, 13 Laser-pulled nanoelectrodes are often very challenging to polish without tip breakage. A 10 nm diameter laserpulled nanoelectrode has an overall size usually below 400 nm. To make polishing more reproducible, one can seal the ultrasharp quartz tip into a larger 2 mm glass capillary. This has led to the successful fabrication of Au disk nanoelectrodes with radii as small as 5 nm 14 and Pt disk nanoelectrodes down to 1 nm. 15 A very attractive method for tip exposure is the use of focused-ion beam (FIB) milling, in which glass and metal atoms are sputtered off the tip by high-energy ions under vacuum. FIB milling allows one to precisely control tip exposure with sub-50 nm spatial resolution. Mirkin and Amemiya have used FIB milling to prepare nanoelectrodes of carbon. 16 Dual nanoelectrodes with radii smaller than 100 nm can be prepared with a θ-glass pipette. Sun and coworkers have reported integrated dual disk nanoelectrodes with electrode spacing of the order of 1-2 μm. 17 They first laser pulled a θ-glass pipette into an hourglass shape, and then inserted one piece of Pt wire into each barrel. The two Pt wires were then heated with a laser and pulled together to produce well-sealed dual nanoelectrodes. The resulting electrodes can be polished to have radii varying from several tens to several hundred nanometers. The two Pt electrodes in the θ-glass pipette may be used independently or in the generation-collection mode.
The laser pulling method allows one to fabricate nanoelectrodes down to a few nm with bench-top equipment. However, it is difficult to produce electrodes with consistent shapes and sizes. The quality and reproducibility of electrodes often strongly depend on the condition of the laser puller and the experience of the operator, and the resulting electrode size can be difficult to predict without careful characterization. However, this is still an attractive method for quick fabrication of metal nanoelectrodes which can be easily adopted by many laboratories.
Mass-produced metal pyramid nanoelectrodes
Conductive, ultra-sharp metal pyramids are attractive nanostructures that can be used as nanoelectrodes. First developed by the Oh group, Au pyramids with a nanometer-sized tip (10 nm) can be mass-fabricated in a clean room using a template-stripping technique. 18 Specifically, a 100 nm thick layer of insulating Si 3 N 4 was grown on a silicon wafer and an array of uniform micron-sized holes were produced in the nitride film using photolithography. Using the Si 3 N 4 layer as an etching mask, the silicon wafer was then anisotropically etched in a concentrated KOH solution to create pyramidal molds. Next, a layer of 200 nm Au was deposited into the molds and the nitride mask was removed. After this, a single
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Au pyramidal tip could be template stripped and lifted up using a tungsten wire with a small droplet of epoxy. This fabrication method has the advantage of high yield (>95%) and high reproducibility, resulting in massively produced (1.5 million nearly identical tips over a 4-inch wafer) uniform Au pyramids ( Fig. 1) .
In a recent report, Au pyramids were used as near-field imaging probes in fluorescence and Raman scattering with a spatial resolution down to 20 nm and a fluorescence enhancement factor of about 200. 18 If coupled with an indium tin oxide (ITO) electrode, the pyramid tip can also function as a three-dimensional dielectrophoretic trap to manipulate submicron particles. 19 With the ability to reproducibly and massively produce pyramids of different metals (e.g., Au and Ag) with nanometer-sized tips of tunable taper angles, 20 this templatestripping technique demonstrates great potential in the fabrication of nanoelectrodes for electrochemical applications.
Carbon nanotube-based nanoelectrodes
Carbon nanotubes (CNTs) have attracted much attention due to their unique structural and electrical properties. 21, 22 First demonstrated by Dekker and coworkers, 23, 24 a single-walled carbon nanotube (SWCNT) can be used as a nanoelectrode for electrochemistry. To fabricate an electrochemical SWCNT device, they grew a SWCNT using chemical vapor deposition (CVD) on a substrate and established a contact by using titanium leads covered by a poly(methyl methacrylate) (PMMA) insulating layer. Using the SWCNT devices, they obtained steady-state electrochemical currents that scale with the exposed length of the SWCNT. They also observed similar steady-state voltammetric curves from metallic and semiconducting SWCNTs.
Nanoelectrodes based on a single CNT could also be fabricated by attaching a single multi-walled carbon nanotube (MWCNT) to a tungsten probe or a carbon fiber. Shen et al. fabricated CNT nanoelectrodes with 20-30 nm diameter using a three-step process. 25 The first step is to establish a contact between a MWCNT and a tungsten probe or a carbon fiber inside a scanning electron microscope (SEM). The second step is to deposit a layer of HfO 2 via atomic layer deposition to insulate the entire probe. Then, the last step is to remove a part of the insulating layer at the MWCNT tip apex using a DC bias applied between the coated MWCNT and another tungsten probe. The authors show that the resulting CNT nanoelectrode exhibited similar electrochemical properties to the widely used carbon fiber probe in differential pulse voltammetry and cyclic voltammetry measurements.
Recently, the Gogotsi group developed a CNT-based endoscope for intracellular probing (Fig. 2 ). 26 In this method, a MWCNT is placed at the tip of a glass pipette using a flowthrough technique. The inside of the glass pipette is coated with a conductive epoxy while the outside is coated with an insulator. As shown in Fig. 2B , these CNT-based endoscopes can penetrate the membrane of a cell without greatly disrupting the cellular structure owning to its small dimension and high mechanical strength. They can also be used to transport fluids and, additionally, can be manipulated magnetically if the CNT is filled with superparamagnetic NPs.
CNTs are also ideal materials to serve as imaging nanoelectrodes on AFM tips due to their well-defined geometry, nanometer-scale diameter, high aspect ratio, and outstanding electrical and mechanical properties. 27 The advantages of using SWCNT modified AFM probes include increased lateral resolution and damage resistance, the ability of probing narrow trench structures, and less difficulty of deconvoluting tip effects. Macpherson's group has demonstrated that lowresistance electrical contacts could be made by attaching a SWCNT to a metal-coated AFM tip using the "pick-up" method. 28 They have also shown that SWCNT-AFM tips could serve as templates for producing metal nanowire tips with diameters as small as 30 nm using sputter coating. 29 The resulting metal nanowire AFM tips can be conductive and durable enough for conducting and contact mode AFM imaging.
In summary, CNTs have been exploited in electrochemistry due to their unique properties. New fabrication methods and architectures are being produced to improve the performance of CNT-based nanoelectrodes. As a key material for nanoelec- trodes, we anticipate that CNTs will continue to be explored in this area in the future. The development and application of CNT-based nanoelectrodes will continue to benefit from the use of many microfabrication tools.
Carbon-filled glass/quartz nanopipettes
Bau's group developed carbon nanopipettes (CNPs) using an integrated fabrication protocol based on CVD. 30 At first the quartz capillaries were filled with a CVD catalyst solution, allowed to air dry, and then pulled with a laser puller. Carbon was deposited on the catalyzed surface by pyrolysis deposition with a methane/argon flow at over 800°C, and only the carbon tip was exposed by etching the outside quartz. The carbon tip size could be further reduced by plasma oxidation. In this way they obtained an integrated nanoscale hollow carbon tip at the end of a carbon-coated quartz pipette. By varying the deposition conditions, the outer diameter of the carbon tip can be varied from tens to hundreds of nm with different lengths. Hollow carbon pipettes were used to deliver molecular species to a cell 31, 32 and conduct intracellular electrochemical measurements. 32, 33 The effect of changing fabrication conditions on the wall structure and surface chemistry of CNPs was also reported. 34 This fabrication procedure was later modified to fabricate solid-tipped CNPs. With longer carbon deposition time, the carbon tip could be sealed and the fabricated solid CNPs with 50-400 nm diameter were used to detect dopamine release in Drosophila larvae with high spatial resolution. 35 Another fabrication method was developed by Gogotsi and coworkers. 36 This method is also based on pyrolysis decomposition but does not require CVD catalysts, and more importantly, enables batch production of smaller diameter (10-30 nm) carbon nanoelectrodes. First, quartz capillaries were pulled into nanopipettes using a laser puller. Then the pipette was inserted into another quartz capillary under Ar flow. A carbon-containing gas mixture such as methane and argon was injected. At high temperature, methane pyrolyzed and carbon was coated on both the inner and outer surfaces. Then, by wet etching, the quartz at the tip was removed to expose carbon. The quartz pipette orifice size and carbon layer thickness could be regulated to produce a tip as small as 10 nm. By controlling the gas composition and deposition time during pyrolysis, different kinds of CNPs have been fabricated. For example, longer deposition times produce thicker carbon layers and could result in a closed carbon channel with a nanometer-sized cavity at the end. This type of nanoelectrode can be utilized as a nanosampler 37 and a nanosensor after platinization. 38 The fabrication of disk-shaped carbon nanoelectrodes with radii of 5-200 nm was also reported. 39 The wetetching step is skipped after carbon deposition in these later reports.
This approach has also been further developed to fabricate multifunctional nanoprobes using multi-barrel pipettes. For example, a fast and simple method was developed to fabricate double-barrel carbon nanoprobes based on this approach. 40 After a quartz theta capillary was pulled, one barrel was blocked temporarily with adhesive while carbon was deposited inside another barrel by CVD ( Fig. 3 ). To increase the surface area of carbon, they coated carbon on the outside of the tip as well to produce a cylindrical tip. After the closed barrel was reopened and filled with electrolyte solution, this nanoprobe could be employed to carry out electrochemical and topographical imaging simultaneously in SECM-SICM. Further developments involved the fabrication of carbon-Ag/AgCl nanoprobes. Similarly, in a pulled theta pipette, one barrel is coated with carbon and another one is filled with electrolyte solution and an Ag/AgCl wire was inserted inside as a reference electrode to form a 2-electrode setup that can be used in a microdroplet. 41 Dual carbon electrodes for SECM were also produced by simply depositing carbon into both barrels. 2, 42 
Tunneling nanoelectrodes based on immobilized single NPs
Bard and coworkers have demonstrated a unique method to fabricate a nanometer-sized electrode using a Pt UME and an immobilized metal NP. 43 This method deposits a layer of TiO 2 film onto a laser-pulled sub-micrometer-sized Pt UME and then captures a single Pt NP from solution via stochastic NP collision (Fig. 4 ). The electrodeposited TiO 2 film can block electron transfer to solution species but is also thin enough (1-2 nm) to allow electron tunneling to Pt NPs. Therefore, a TiO 2 -covered Pt UME shows negligible current in a solution containing redox species, but gives a sudden current increase when a single Pt NP gets adsorbed to the UME, indicating the onset of electron tunneling from the UME to the attached Pt NP. The resulting electrode (Pt UME/ TiO 2 /Pt NP system) can be treated as a normal nanometersized Pt spherical electrode and can be used for steady-state measurements or probes in SECM. A quantitative model of electrochemistry has also been proposed to better understand this type of nanoelectrode. 44 An alternative method for restoring electron transfer on a TiO 2 -covered Pt UME is to electrodeposit a single Pt NP at the tunneling UME. 45 By recording current-time curves, the nucleation and growth of a stable single Pt NP can be monitored and the Pt NP radius can be estimated. These nanoelectrodes can be used to study fast kinetics of electron transfer reactions at the single Pt NPs.
Other fabrication techniques
Individual semiconducting boron nitride nanotubes (BNNT) can be employed to fabricate needle-like nanoprobes. Yu and coworkers attached BNNT onto a sharpened tungsten wire and then sputter-coated the BNNT with a thin layer (10-30 nm) of metal (Au, Ag, or Pt) followed by further insulation of the electrode by electropolymerization. 46 The ring-shaped active electrode area can be exposed by FIB cutting and the voltammetric responses can be recorded in redox solutions. Since the active electrode area is defined by the thickness of the metal coating, precise control over the active area is possible. Additionally, any conductive materials that can be sputter coated or electrochemically deposited can be fabricated into this type of nanoelectrode.
Shao and coworkers reported the fabrication of a special type of metal nanoelectrode by interfacial reactions. 47 This method uses a glass nanopipette to confine a limited space for the formation and self-assembly of metal NPs (Fig. 5A ). The glass nanopipette is first filled with an aqueous metal precursor solution and then immersed into an organic phase containing a reductant. When the metal precursor meets the reductant at the liquid/liquid interface, metal NPs will form and self-assemble at the nanopipette tip. The metal NPs can densely block the pipette orifice and thus form a disk-shaped nanoelectrode. Using this method, Ag, Au, and Pt nanoelectrodes have been prepared and an Ag nanoelectrode has been successfully employed as a SECM probe.
Our group recently developed an approach to fabricate nanopipette-based electroplated nanoelectrodes ( Fig. 5B ). 48 In this approach, a laser-pulled quartz nanopipette serves as a template. The pipette tip is then immersed in a liquid gallium/ indium alloy electrode for the electrochemical deposition of metal inside the pipette. Several different metals including Au, Pt, Ag, and Cu can be electroplated and FIB milled to expose the metal. This approach may be especially useful in fabricating nanoelectrodes for SECM, because it enables easy control over the RG ratio (the radius of the insulating sheath over the radius of the active electrode), a key geometric factor in highresolution SECM. 49 Fig. 4 Schematic illustration of the preparation of a Pt UME/TiO 2 /Pt NP nanoelectrode (T-UME). A thin layer of TiO 2 was electrodeposited on a Pt UME to block electron transfer. When a single Pt NP collided and stuck to the UME, electron transfer to the solution species was restored. CVs could then be obtained using this T-UME in a new solution. Adapted with permission from Kim et al. 43 Copyright 2014 American Chemical Society.
New applications of nanoelectrodes
SECM and AFM/SICM-SECM
Since its development by Bard, 49 SECM has evolved into a wellestablished electroanalytical tool for measuring electrochemical information at an interface with exceedingly high spatial resolution. The central component of an SECM is a micro-or nanoelectrode which is positioned close to and scanned over the surface of a substrate of interest. The electrochemical signal of a redox mediator at the probe tip and/or the substrate is recorded to characterize processes and structural features of the substrate.
Nanoelectrodes have gained increasing popularity in highresolution SECM due to their small size and fast response time. With a nanoelectrode, one can gain faster mass transport and higher spatial resolution and can image electrochemical reactions at individual NPs and study their reactivity. Recently, Mirkin's group employed Au nanoelectrodes as SECM probes to measure the kinetic parameters of several rapid heterogeneous electron transfer reactions by steady-state SECM voltammetry. 9 They varied the tip size and the tip-substrate distance to change the mass transfer rate. They also imaged individual spherical Au NPs of 10 to 20 nm and studied electron transfer and hydrogen evolution reaction at the surface with SECM. 50 This is a truly unprecedented spatial resolution which was achieved by reducing the size of the Pt nanoprobe to 3 nm. Very recently, they reported SECM imaging of Pd nanocubes with 14 nm edge length. 51 Their system could provide key information about the electrochemical and electrocatalytic properties of single NPs. 52 Many groups have used SECM to study various biological systems due to the fact that it can quantitatively and locally detect chemical species in situ in a non-invasive manner. 53 With a nanoelectrode, there is insignificant disturbance of the tip redox reaction to the concentration profile of local chemical species, resulting in clear imaging. Matsue and coworkers studied the effect of tip reaction on SECM imaging of a single yeast cell. 54 They achieved quantitative imaging of a single yeast cell in generation-collection (GC) mode with a 199 nm Pt nanoelectrode. Interestingly, further decreasing the size of the Pt nanoelectrode did not yield higher spatial resolution. To obtain higher resolution, a better choice would be to incorporate distance control mechanisms such as shear force feedback into the SECM system.
Schuhmann's group is the first to adapt the shear force feedback mechanism in SECM. 55, 56 Shear force techniques are now commonly utilized in a SECM system in order to achieve accurate control of the tip-substrate separation. 57, 58 A shear force feedback system was used with an optical fiber-nanoelectrode probe to study the inner and outer functions of single living cells. 59 More recently, shear force-based SECM was also combined with an ion-selective nanoelectrode for simultaneous imaging of the topography and K + flux at the membrane filter and human embryonic kidney 293 cells. 60 In order to simultaneously obtain both topographical and electrochemical information, significant progress has been made to combine different scanning probe microscopy techniques into SECM creating hybrid methods, such as AFM-SECM and SECM-SICM. In AFM, a sharp tip that is attached to a flexible cantilever is scanned across the sample and the force interactions between the tip and the sample surface can be measured at the nanometer scale. By combining AFM with SECM, the topographical information as well as the electrochemical activity of the sample surface could be collected, both with high lateral resolution. Macpherson and Unwin reported electrochemical and topographical measurements simultaneously with AFM-SECM for the first time. 61, 62 In recent years, Demaille's group has published a series of papers in high-resolution AFM-SECM in molecule touching mode. In this mode, the nanoprobe is in contact with redox-tagged macromolecules electrochemically. Demaille and coworkers initially reported this configuration in 2006 and utilized it to show the dynamics of ferrocene-tagged polyethylene glycol (PEG) chains. 63 Later, this configuration was also applied to study the dynamics of DNA chains. 64 Due to the capability for dual measurement and high spatial resolution, topographical and electrochemical mapping of single gold nanoparticles (∼20 nm) modified with redox-labeled PEG chains could be achieved. 65 They also studied the possibility of locating antibodies with redox PEG chains with the same technique. 66 More recently, they mapped protein distribution on virus particles both statistically and spatially, which is very interesting because it extended the potential of AFM-SECM to viral nanotechnology. 67 There are also advances in developing proper nanoprobes for AFM-SECM in order to achieve high spatial resolution. Macpherson and coworkers reported a new method to fabricate nanoprobes with well-controlled size and geometry by forming metal nanowires while using single-walled carbon nanotubes as templates, followed by insulation and cutting. 68 Baker's group formed a thin (less than 400 nm) insulation layer on commercial AFM probes by parylene deposition. 69 After mechanical abrasion, the probes could be used to map the diffusion of Ru(NH) 6 3+ across a porous membrane. Richter's group described a batch fabrication technique from the wafer level by combining FIB and wet chemical etching. 70 The conical nanoprobes were applied to map heterogeneous graphene and graphite surfaces. SICM is a unique scanning probe technique based on the use of an electrolyte-filled glass/quartz nanopipette as a probe. The ionic current flowing through the pipette orifice is strongly dependent on the tip-substrate distance and can be used as a feedback signal for distance control. SICM is particularly suitable for imaging soft biological structures with spatial resolutions better than 100 nm. However, little or no chemical information is obtained from SICM scanning. Korchev and coworkers have greatly contributed to the recent improvements in SICM for studying biological processes in living cells with high spatial and temporal resolutions. 71, 72 More recently they have investigated the quantitative delivery of molecules to the surface of living cells, 73 which allows for functional imaging of single ion channels and receptors. Matsue and coworkers used SICM to evaluate an unlabeled secretory protein in living cells. 74 Unwin's group developed a new function of SICM and demonstrated how it can map spatial distributions of ionic fluxes due to electrochemical reactions near active sites. 75 They also developed a new approach to characterize the surface charge of a nanopipette and facilitated quantitative surface charge imaging in SICM. 76 One of the key challenges in SECM-SICM is the preparation of proper probes with small and controlled geometry and functionality. Several notable efforts have been made in recent years to develop proper SECM-SICM nanoprobes. Hersam's group successfully combined SECM electrodes with SICM pipettes by coating nanopipettes with Au, followed by tip insulation and exposure. 77 These probes have later been applied for the simultaneous topography and electrochemical imaging of enzymes and single living cells. 78 However, this method still requires an additional FIB milling step to expose the probe. Recently a quick and simple method for fabricating doublebarrel carbon nanoprobes (DBCNPs) for SECM-SICM has been developed. 40 The details of the fabrication have been given in the section New fabrication methods. This probe was later employed to image the electroactive features at a 100-150 nm scale and demonstrate the oxygen reduction reaction (ORR) activity at the single NP level for the first time. 79 More recently, Matsue's group 80 and Wain's group 81 further improved the electrochemical sensitivity of DBCNP by Pt deposition on carbon to image immunocytochemically stained epidermal growth factor receptor (EGFR) proteins on A431 cells ( Fig. 6 ) and hydrogen peroxide generation at individual Au NPs, respectively. Iridium oxide has also been deposited on carbon to obtain a pH-SICM probe, which enabled simultaneous pH and topography mapping. 82 
The use of nanoelectrodes for single-cell studies
The ability to electrochemically probe tight spaces is important for better understanding the biological functions of single living cells. One straightforward example has been the use of a nanoelectrode to monitor cell exocytosis with high spatial resolution. 83, 84 A nanoelectrode can also be inserted inside a cell or tissue without disturbing the cellular function. 85 Carbon has been shown to be an excellent electrode material for cell detection because of its high stability and relatively large potential window. Carbon-fiber electrodes can be etched or flame polished to expose an ultrasharp conical tip and be inserted into tissue or a cell without causing significant damage. Huang and coworkers reported the fabrication of an etched carbon-fiber nanoelectrode with the proper size to slip into synaptic clefts without damaging local structures. 86, 87 This allows the direct measurement of exocytosis inside single synapses. Ewing's group implanted a carbon-fiber nanotip into living PC12 cells and measured the total content of catecholamine in single vesicles as vesicles were adsorbed onto the electrode. 88 They found that only a part of the catecholamine content was released during exocytosis, indicating the necessity of investigating single vesicles before they are released.
The carbon nanopipette electrodes are another promising tool in single-cell analysis because they can be batch-fabricated with a small and controllable size. They are more rigid than carbon-fiber nanoelectrodes due to the use of quartz as an insulation layer. It has been shown that closed CNPs could be implanted into dopaminergic centers of Drosophila brain for dopamine detection. 35 Another advantage of CNPs is their ability to be extended to multifunctional nanoprobes. For example, a double-barrel nanopipette with a carbon coating in one barrel and a Ag/AgCl wire in the other electrolyte-filled barrel formed a two-electrode circuit to detect the alkaline phosphatase activity of HeLa cells in a single droplet (Fig. 7) . 41 Zhang et al. deposited carbon into double-barrel nanopipettes and fabricated nanometric field-effect transistor sensors on the tip of the dual carbon nanoelectrodes. 89 With further modification they used this nanosensor to monitor pH changes and ATP gradient around living cells in three dimensions.
Hollow CNPs can facilitate simultaneous intracellular injection and detection. In the past few years, Bau's group contributed to the development of a carbon nanopipette (CNP) in cell detection. [30] [31] [32] In a later study, they penetrated a CNP into single adherent human osteosarcoma cells and nuclei and correlated CNP impedance with cell penetration depth. Such experiments may enable position control of nanoelectrodes for intracellular probing in the future. 33 Nanoelectrodes with modifications are also employed to detect reactive oxygen and nitrogen species in tissues and cells. 39, 90, 91 For example, a collaborative research between Amatore and Mirkin has used a platinized nanoelectrode under AFM control to detect reactive oxygen and nitrogen species inside murine macrophages. 91 More recently, Korchev's group fabricated disk-shaped carbon nanoelectrodes and functionalized them with platinum. 39 The carbon nanoelectrode had a smaller outer diameter and was used to monitor oxygen concentration in a brain slice and melanoma cells at the single-cell level.
Single-enzyme electrochemistry
Direct electrochemical detection of single enzymatic molecules is challenging due to the low turnover frequency and, thus, extremely low faradaic current signal. A dramatic improvement in signal amplification must be achieved and the background signal must be suppressed for this type of measurement. Nanoelectrodes have a small background current due to the small surface area and therefore can be used to detect a small number of molecules. Using lithographically fabricated polymyxin-pretreated Au nanoelectrodes, Lemay and coworkers have demonstrated protein film voltammetry (PFV) measurements on less than 50 enzyme molecules (Av H 2 ase). 92 Polymyxin was used to immobilize a submonolayer of Av H 2 ase, 93 an enzyme that reversibly interconverts molecular hydrogen into protons and electrons. The signal amplification comes from the extremely high turnover rate (∼1500 to 9000 s −1 ) of Av H 2 ase catalyzing H 2 oxidation.
More recently, Lemay's group has demonstrated the ultrahigh sensitivity of nanogap devices for detecting single redoxactive molecules. [94] [95] [96] The devices consist of two electrodes that are separated by a short distance created in a nanochannel. The top and bottom electrodes are biased at oxidizing and reducing potentials, respectively, to enable redox cycling. The redox-active molecules are thus repeatedly oxidized and reduced at the two electrodes, resulting in a detectable current signal. The authors observed anticorrelated step-like events in the current, corresponding to a single molecule entering and exiting the nanogap. The small gap size and minimized dead volume greatly amplified the current signal and reduced the number of redox-active molecules in the nanochannel, making this a robust technique for detecting individual redox molecules. In another report, 97 they further implemented this approach by integrating enzymatic recognition with signal transduction in a femtoliter-scale volume. In this report, tyrosinase is locally immobilized on the Au electrodes in a microfabricated nanochannel to transform substrate molecules that are not redox-active into redox-active enzymatic product molecules. The product molecules are then detected inside the nanochannel by redox cycling. It is anticipated that further improvement of this approach would lead to an electrochemical study of enzyme kinetics at a single-molecule level. 98 Single enzyme molecules can also be electrochemically detected on a nanoelectrode based on collision induced adsorption. Bard's group demonstrated the detection of electrochemically inactive single bio-macromolecules (enzymes, antibodies, and DNA) by current blockage of a redox-active species in solution. 99 Using Pt disk nanoelectrodes with radii between 80 and 150 nm and potassium ferrocyanide, a steadystate oxidation current was generated. Adsorption of an electrochemically inactive object onto the Pt electrode blocks a part of the oxidation current of ferrocyanide, leading to a staircase-shaped current signal. Information about the adsorbed molecules such as concentration and size distribution could then be extracted from the recorded i-t curves. In this method, a small electrode and a high concentration of redox-active species are necessary in order to gain sufficient current amplification and observe discrete adsorption events.
Zhan and coworkers recently presented another mechanism to detect single-molecule catalysis of redox enzymes using collision. 100 They first modified a 12 nm radius Au nanoelectrode with a lipid bilayer membrane and then recorded amperometric curves to detect collision events of electrocatalytic reduction of hydrogen peroxide by individual horseradish peroxidase (HRP) molecules. Different from the blocking effect described by Bard 99 mentioned above, the enzymes were electrocatalytically active and the current amplification came from the high turnover coefficient.
Single-NP electrochemistry
Metal NPs have found wide applications in sensing, biotechnology, catalysis, and electrocatalysis due to their unique catalytic, optical, and biochemical properties. [101] [102] [103] Extensive studies have been conducted on metal NPs to understand the structure-function relationship and single NP studies are preferred to avoid ensemble averaging. [104] [105] [106] Nanoelectrodes are particularly suitable for studying single NPs electrochemically. Due to its small size, a single NP could be either attached to or grown on a nanoelectrode.
Our group has reported a method to chemically immobilize a single Au NP at the surface of a Pt disk nanoelectrode. 107 In our method, a laser-pulled Pt nanoelectrode was modified by a linker molecule, (3-aminopropyl)trimethoxysilane. Then, a single Au NP with a diameter of 10-30 nm was immobilized at the amino-terminated Pt surface via electrostatic interaction. TEM images were obtained to confirm the attachment of the Au NP and to measure the electrode size. Voltammetric responses of the Au single NP electrode assembly (SNPE) in H 2 SO 4 further confirmed the existence of the Au NP. Steadystate cyclic voltammetry in solutions containing Fe(CN) 6 3− and Ru(NH 3 ) 6 3+ showed that electron transfer from the Pt nanoelectrode to the redox molecules was greatly enhanced due to the attachment of the Au NP and the magnitude of the steadystate current was dependent on the size of the Au NP. The size-dependent catalytic activity towards oxygen reduction reaction (ORR) in a KOH solution was also revealed using the same Pt nanoelectrode immobilized with single Au NPs with different sizes. Using this method, the effects of NP size and shape on electrocatalytic activities could be studied. Similarly, Sun and coworkers studied the electrochemical stability of single Au NPs directly adsorbed on a Pt nanoelectrode. 108 They have shown that smaller Au NPs were harder to oxidize. Mirkin and coworkers have immobilized single Au NPs onto carbon nanoelectrodes to study the catalytic activities of single Au NPs. 109 The carbon nanoelectrodes were fabricated by using CVD of carbon inside a nanopipette and the electrode size was smaller than the size of a single Au NP to ensure that only one NP was attached to the nanoelectrode surface ( Fig. 8A  and B ). Three methods were used to immobilize single Au NPs: direct adsorption, electrostatic attachment through a polyphenylene film, and covalent bonding through an electrochemically reduced polyphenylene film. Compared to the catalytic activity at a directly adsorbed Au NP, the catalytic activity towards the hydrogen evolution reaction (HER) was observed to be lower at an electrostatically attached Au NP. This is probably due to the insulating effects of the polyphenylene film.
Besides attachment, single NPs can also be deposited onto a nanoelectrode. Sun and investigated the electrocatalytic activity of the single NPs for the oxygen evolution reaction (OER). 111 The size-dependent catalytic turnover rate for OER was obtained at individual Ni (OH) 2 NPs and it has been found that the OER activity was independent of the NP size.
Stochastic NP collision is a simple yet powerful method to study single NP catalysis. 104 First reported by Bard's group, 112, 113 this method involves free diffusing catalytic NPs, an inert UME, and inner-sphere redox molecules. Collision and adsorption of a NP on the UME surface led to a transient current increase due to the catalytic effects of the NP. Bard and coworkers recently employed nanometer-sized Pt electrodes to detect collisions of Au NP-decorated single wall carbon nanotubes (Au-SWCNTs). 114 Due to the extremely small size, the Pt nanoelectrodes could be used to observe the current increase resulting from the increase in electrode area upon Au-SWCNT attachment (Fig. 8C ). This approach extended the NP collision method to the use of nanoelectrodes and outersphere electron-transfer reactions.
Formation and electrochemistry of individual nanobubbles
Surface nanobubbles have attracted significant research interest in the past two decades due to their important roles in altering interfacial properties at the nanoscale. 115 Nanoelectrodes provide a unique platform for the generation and study of single nanobubbles. White's group has demonstrated the electrogeneration of single nanobubbles at Pt nanodisk electrodes using proton reduction ( Fig. 9 ). 116 By scanning a Pt nanodisk electrode in 0.5 M H 2 SO 4 , current from H + reduction and H 2 generation increased initially but dropped prior to reaching the diffusion-limited steady-state current, indicating the formation of a single nanobubble covering the majority of the electrode surface. Interestingly, a residual current was obtained which suggested that the nanobubble formed could not cover the whole active area of the nanoelectrode. It also indicated that the exposed electrode area could continue to generate molecular hydrogen to balance the diffusion of H 2 from the nanobubble, extending the nanobubble lifetime. Additionally, the sudden current decrease could only be observed when the size of the Pt nanoelectrode was below 100 nm. This suggests that an ultrafast mass transfer rate is necessary to reach a critical saturation point for nanobubble formation. Nanoelectrodes are particularly attractive for bubble formation because the mass transfer rate on a nanoelectrode is inversely proportional to its radius. Finite-element simulation was conducted and showed that the H 2 concentration exceeded the saturation H 2 concentration near the electrode surface.
In another report, White's group further studied the effect of surfactants on bubble nucleation and stability. 117 Cyclic voltammograms have shown that the addition of surfactant molecules decreased the nanobubble peak current, reduced the residual current, and shifted the potentials corresponding to bubble nucleation cathodically. The decrease of the peak current and the residual current could be explained by the decrease of the surface tension of the solution due to the presence of surfactants. Also, surfactant molecules could hinder the hydrogen gas diffusion from the nanobubble, leading to a smaller residual current needed for H 2 electrogeneration. The shifted bubble nucleation potential was probably due to the adsorption of surfactants at the electrode surface, hindering electron transfer.
Besides using a Pt disk nanoelectrode to study H 2 nanobubbles, White's group studied individual N 2 nanobubbles via electro-oxidation of hydrazine using Pt disk nanoelectrodes and observed a similar nanobubble peak current and residual current. [118] [119] [120] They have also reported the use of a recessed Pt nanopore electrode to generate single hydrogen nanobubbles. 121 Due to the trapping effect of the recessed cavity, a H 2 oxidation peak could be observed on the reverse voltammetric scan.
Other applications
Nanoelectrodes can be used to study single active surface sites for metal nucleation using AFM imaging. Mirkin and coworkers have imaged the surface of laser-pulled disk-shaped nanoelectrodes using AFM and have gained detailed information about the electrode surface and geometry. 122 Mirkin's group then used AFM to investigate the nucleation and growth of single silver crystals on the surface of Pt nanoelectrodes. 123 They have found that only one nucleation site existed on the surface of a 50 nm Pt electrode while two active sites existed on the surface of a 190 nm electrode. As such, the combined use of nanoelectrodes and AFM allowed them to measure nucleation/growth kinetics on active surface sites, which is fundamentally important in the initial stages of metal electrodeposition.
Our group recently studied the formation and quick growth of thick platinum oxide films to understand oxidation behaviors of Pt catalysts using a Pt nanoelectrode. 124 In this study, Pt nanoelectrodes were used as model electrocatalysts and were held at relatively low anodic potentials to form thick Pt oxide films. Using SEM and steady-state cyclic voltammetry, it was observed that the Pt oxide film protruded out of the glass insulator due to increased volume and was structurally irreversible. An increased steady-state current after the oxidation and reduction process provided quantitative information about the final recessed depth of Pt and an oxide growth rate of ∼1.2 nm min −1 could be estimated. Pt nanoelectrodes used in this study had the advantages of having nanoscale dimensions and better control of the size and morphology of the electrocatalysts.
Using laser-pulled Pt nanoelectrodes covered with different thicknesses of borosilicate glass, Mirkin and coworkers have found that water molecules can diffuse to the Pt surface through nanometer-thick layers of dry glass and be electrochemically oxidized/reduced at the Pt surface. 125 If soaked for several hours in acidic aqueous solution, the nanometerthick glass sheath could swell and form a hydrogel surface layer, allowing electrochemical oxidation/reduction processes of other redox couples such as Ru(NH 3 ) 6 3+/2+ to happen at the Pt/hydrogel interface. These thin-glass covered Pt nanoelectrodes can potentially serve as all-solid-state pH nanoprobes and are suitable for experiments in small volumes due to their small size.
Conclusions and perspectives
In summary, nanoelectrodes continue to be the tool of central importance in modern electrochemistry and electroanalytical research. Their small size, low noise, and fast response make them uniquely suitable for numerous applications, such as the study of single molecules/NPs, sensing inside a chemical synapse and single biological cells, mapping the reactivity of single catalytic NPs at ultrahigh spatial resolution, and generating and studying individual nanobubbles. New and exciting applications of nanoelectrodes are anticipated to emerge along with advanced electrode fabrication methods. Bench-top methods for nanoelectrode fabrication will continue to be used in future research. However, future nanoelectrodes will likely be mass prepared with microfabrication methods, so researchers can spend less effort on electrode preparation and focus more on the scientific problems. We believe that nano-electrodes will find more use in several areas in the near future including single molecule electrochemistry, neurochemical analysis of single cells, and ultrahigh-resolution chemical imaging.
